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ABSTRACT In voltage-dependent ion channels, the gating of the chanrels is determined by the movement of the
voltage sensor. This movement reflects the rearrangement of the protein in response to a voltage stimulus, and it
can be thought of as a net displacement of elementary charges () through the membrane (z effective number of
elementary charges). In this paper, we measured z in Shaker IR (inactivation removed) K* channels, neuronal o IE
and ay,, and cardiac a;¢ Ca?* channels using two methods: (a) limiting slope analysis of the conductance-voltage
relationship and (&) variance analysis, to evaluate the number of active channels in a patch, combined with the
measurement of charge movement in the same patch. We found that in Shaker IR K* channels the two methods
agreed with a z = 13. This suggests that all the channels that gate can open and that all the measured charge is
coupled to pore opening in a strictly sequential kinetic model. For all Ca2* channels the limiting slope method
gave consistent results regardless of the presence or type of B subunit tested (z = 8.6). However, as seen with o,
the variance analysis gave different results depending on the B subunit used. o; and o, gave higher zvalues (z =
14.77 and z = 15.13, respectively) than agf;, (z = 9.50, which is similar to the limiting slope results). Both the B,
and B, subunits, coexpressed with a;g Ca?* channels facilitated channel opening by shifting the activation curve
to more negative potentials, but only the B,, subunit increased the maximum open probability. The higher z using
variance analysis in o and a,;B,, can be explained by a set of charges not coupled to pore opening. This set of
charges moves in transitions leading to nulls thus not contributing to the ionic current fluctuations but eliciting
gating currents. Coexpression of the B,, subunit would minimize the fraction of nulls leading to the correct esti-
mation of the number of channels and z. Key words: charge movement * variance ® noise fluctuations * limiting

slope

INTRODUCTION

Hodgkin and Huxley (1952) first proposed that “changes
in ionic permeability depend on the movement of some
component of the membrane, which behaves as though
it has a large charge or dipole moment . . . movement
of any charged particle should contribute to the total
current.” This was the first proposition that the voltage
sensor, a specific part of voltage-dependent channels,
should rearrange itself with changes in the transmem-
brane electric field. Gating currents are the electrical
manifestation of the voltage sensor rearrangement.
The charge movement could either consist of a net dis-
placement of unitary charges or be the result of local
polarization of a cloud of charges or dipoles. Alterna-
tively, charge movement could also arise from an asym-
metric change in the electric field in relation to the
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voltage sensor, which encompasses changes in the over-
all structure of the protein, affecting the exposure of
the charged residues to the external and internal sides
of the membrane (Bezanilla and Stefani, 1994; Sigg et
al., 1994; Sigworth, 1994; Larsson et al., 1996; Yang et
al,, 1996). At the time when Hodgkin and Huxley
(1952) set the foundations for the theory of excitabil-
ity, the primary structure of channel proteins was still
unknown, but once channel proteins were cloned, the
region for the voltage sensor was soon identified in the
positively charged S4 transmembrane segment (Noda
etal., 1984; Greenblatt et al., 1985; Guy and Seetharam-
ulu, 1986; Catterall, 1988). Mutations of charged
amino acids in the S4 segment of voltage-dependent
channels affect the voltage sensitivity of channel open-
ing (Stihmer et al., 1989; Liman et al., 1991; Papazian
et al., 1991; Logothetis et al., 1992). Moreover, neutral-
ization of S4-charged residues alters charge movement
and the number of charges per channel (Perozo et al.,
1994; Seoh et al., 1996). In agreement with the view
that gating currents are the electrical manifestation of
voltage-dependent conformational changes, it has been
shown that some S4 residues have differential exposure
to the cytoplasmic and extracellular environments de-
pending on the membrane potential and that voltage-
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dependent fluorescence changes are correlated to
charge movement of $4 fluorophore-labeled residues
(Yang and Horn, 1995; Larsson et al., 1996; Mannuzzu
et al,, 1996; Yang et al,, 1996).

One critical quantity to evaluate in voltage-depen-
dent channels is the size of the total charge movement
per channel, detected as the number of effective
charges per channel, z. z is the number of elementary
charges, z, times the fraction of the field, x, that the
charge traverses across the membrane (z = zx). z can
be derived from the conductance to voltage (G-V) rela-
tionship by its limiting slope value at a very low proba-
bility of opening (Almers, 1978; Almers and Arm-
strong, 1980; Bezanilla and Stefani, 1994; Hirschberg et
al., 1995). Using this method, Zagotta et al. (1994) found
that z = 12~16 in Shaker K* channels. Alternatively, z
can be obtained from the ratio between the limiting
charge (Q.x) and the number of channels, which may
be evaluated by the variance method in the same patch
(Schoppa et al., 1992) or by channel particle measure-
ment in freeze fractured membranes (Zampighi et al.,
1995). In both cases, z was =13 in Shaker K* channels.

In this paper, we evaluated z in voltage-dependent
channels expressed in Xenopus laevis oocytes. We ex-
pressed the K* channel Shaker IR (inactivation removed)'
(Hoshi et al., 1990), the neuronal Ca?* channels «;,
and o (Starr et al., 1991; Schneider et al,, 1994), and
the cardiac Ca?* channel o, (Wei et al., 1991). We mea-
sured charge movement and the number of channels
in the same membrane patches by variance analysis,
and we compared the z values obtained in this manner
to the z values obtained by the limiting slope analysis.
We improved the measurements in two ways: (a) for
the variance analysis, we measured charge movement
and ionic currents under the same ionic conditions
and (b) we increased the resolution of G-V curves by us-
ing slow voltage ramps. For the a;g Ca?* channel, we
evaluated the role of regulatory g subunits (Ruth et al.,
1989; Perez-Reyes et al., 1992; Castellano et al., 19934,
19935) in determining z and the limiting open proba-
bility (Poy,,) (Neely et al.,, 1993). We found that Shaker
IR K* channels had z = 13 with both methods. In the
case of oy and a;zB; Ca?* channels, we measured a
larger z (=14) using the variance analysis than by using
the limiting slope method (z = 9). However, when o
was coexpressed with the regulatory By, subunit, which
increased Po,,,,, both methods gave consistent z values
of =9. The other Ca?* channels tested (a5, and «o,g)
had z = 9 with the limiting slope method. The con-
straints given by these results to a kinetic model of
channel function are discussed.

1Abbreviations used in this paper: HP, holding potential; /R, inactivation
removed; LSA, limiting slope analysis; SHP, subtracting holding po-
tential.

MATERIALS AND METHODS

Molecular Biology and Qocyte Injection

We used cDNA encoding Shaker H4 K* channel, which is nearly
identical to the Shaker B clone (Tempel et al., 1987; Kamb et al.,
1988). We used the deletion A6-46 (SkH4-IR) (Hoshi et al., 1990)
which does not inactivate. RNA was synthesized from each cDNA
construct by linearization of the pBluescript plasmids (Strat-
agene Inc., Madison, WI) with EcoRI and transcription with T7
RNA polymerase (Promega Corp., La Jolla, CA) using mMessage
mMachine™ (Ambion Inc., Austin, TX). 50 nl of cRNA at 0.2-
1.0 pg/pl concentration was injected into mature Xenopus laevis
oocytes. The oocytes were kept at 18°C for 1-2 d before the ex-
periments.

For Ca?* channels, the neuronal oz and a, subunits, the car-
diac-a;c (Schneider et al., 1994; Starr et al.; 1991; Wei et al.,
1991), and the 8 subunits B,,, By, and By, (Ruth et al., 1989; Cas-
tellano et al,, 19934, 1993b; Perez-Reyes et al., 1992) were ex-
pressed in Xenopus laevis oocytes. The carboxyl terminal (o,cg00)
and the amino terminal (AN60) deletion mutants (Wei et al.,
19944; 1994b) of the cardiac ;¢ clone were used. AN60 can ex-
press large Ca?* currents with properties similar to the full length
clone o). This amino-terminal deletion will be referred to as a¢.
The plasmids containing cDNA fragments encoding the o, and 8
subunits were digested with HindIIl. The linearized templates
were treated with 2 g proteinase K and 0.5% SDS at 37°C for 30
min, then twice extracted with phenol/chloroform, precipitated
with ethanol, and resuspended in distilled water to a final con-
centration of 0.5 pg/ul. The cRNAs were transcribed from 0.5
ng of linearized DNA template at 37°C with 10 U of T7 RNA poly-
merase (Boehringer Mannheim Biochemicals, Indianapotis, IN),
in a volume of 25 pl containing 40 mM Tris-HCI, pH 7.2, 6 mM
MgCl,, 10 mM dithiothreitol, 0.4 mM each of ATP, GTP, CTP,
and UTP, 0.8 mM m’G(5")PPP (5')GTP. The transcription prod-
ucts were extracted with phenol and chloroform, twice precipi-
tated with ethanol and resuspended in double distilled water to a
final concentration of 0.2 ug/ul, and 50 nl were injected per oo-
cyte. For both Ca?* and K* channels, the oocytes were defollicu-
lated, before injection, by collagenase treatment (type I, 2 mg/
ml for 40 min at room temperature; Sigma Chemical Co., St.
Louis, MO). Oocytes were maintained at 19°C in Barth solution.
Recordings were done 4-12 d after RNA injection.

Electrophysiology

The patch technique (10-30 pm pipette diameter) in cell at-
tached configuration was used for the variance analysis (Hilgemann,
1989). Solutions for Skaker IR experiments were: bath solution in
mM, K-methanesulfonate 110, HEPES 10, MgCl, 2, EGTA 0.1
{KMES), and pipette solution in mM, K-methanesulfonate 110,
HEPES 10, CaCl, 2, (KMESCa2). The Cs* solutions were like the
K* solutions with Cs-methanesulfonate (CsMES and CsMESCa2)
instead of K-methanesulfonate. The oocytes viteline membrane
was mechanically removed in KMES, thereafter, the oocyte mem-
brane was mechanically permeabilized by local damage for solu-
tion equilibration. For Ca?* channels we used the same bath solu-
tion (KMES), whereas the pipette solution contained in mM,
Bamethanesulfonate, 75, BaCl, 5, HEPES 10 (BaMES 75). The
experiments for the limiting slope analysis in Ca?* channels were
performed using the cut-open oocyte technique (COVG; Stefani
et al., 1994). Microelectrode solution was: Na-methanesulfonate
2.7 M, Na,EGTA 10 mM, NaCl 10 mM. External solutions were
in mM: Ba-methanesulfonate; 10, Na-methanesulfonate 96,
HEPES 10 (BaMES 10) and BaMES 75. All solutions were buff-
cred 10 pH 7.0. The oocyte membrane exposed to the bottom
 hamber was permeabilized with 0.1% saponin in the internal sa-
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line (K-glutamate 110 mM, HEPES 10 mM). Before the experi-
ments, 100 nl of 50 mM NaBAPTA (1,2-bis(e-aminophenoxy)-
ethane-N,N,N',N"tetraacetate) was injected into the oocytes, to
prevent contaminant Ba*-activated Cl~ currents (Neely et al.,
1994).

The oocyte membrane was stimulated with voltage ramps from
holding potentials of —~90 and —120 mV. Currents were filtered
at one-fifth of the sampling frequency. Slow voltage ramps were
used to reach quasi steady state. An experimental test for the ade-
quacy of the voltage ramps was the use of a triangle wave which
elicited a symmetrical current response. In general, ramps to
voltages near ionic current detection were slow enough to reach
steady state; however, for larger depolarizations they could in-
duce significant channel inactivation. Compensation for linear
capacitative and resistive current was performed. Control oocytes
did not show any nonlinear response to the voltage ramps. Dur-
ing voltage ramp stimulation, the presence of nonlinear capacita-
tive currents, such as gating currents, should induce nonlinear
outward currents. This component was undetectable in our re-
cording conditions, in part due to the slow speed of the ramp,
and should not induce systematic errors in the evaluation of the
limiting slope. :

Experiments were performed at room temperature (22-23°C)
for K* channels and at room temperature (22-23°C) and 30°C
for Ca?* channels.

Data Analysis

Variance analysis. Series of identical records were recorded puls-
ing t0 a positive potential from the holding potential. Pairs of M
subsequent records X;(f), X;,,(f) were subtracted in order to
compute the experimental non-stationary variance as:
M-t
s
2
o (f) = — Y, () -1,
0 =7= T %0 -n]

i=|

.
where Y(f) was

%0 =3 0X,(0 - X,, (0],

and p,; was the mean value of Y,(¢). The average basal variance at
the holding potential was subtracted from the variance during
the pulse stimulation. The subtracted variance was plotted vs. the
mean current I(#) (average of the records) and fitted to the theo-
retical variance function with the assumption that the single
channel current has only one non-zero value (Begenisich and
Stevens, 1975; Sigworth, 1980; Conti et al., 1984):
Y (ON

o) = 1(0i- =5, )
where iis the single channel current amplitude, and Nis the num-
ber of channels. i was obtained from the initial slope of the vari-
ance (¢ = 0), and Nwas determined by the abscissa of the maximum
of the parabolic function (corresponding to open probability
Po = 0.5), according to the first derivative of the variance:

o’ () . 2
ory - TN

The maximum open probability, Po,,,, was extrapolated from

the maximum mean current [,

I
_ ‘max
Pomux = N
and the effective charge per channel, z, was extrapolated from

the maximum charge Q,... (time integral of the gating curient at
saturating potential),

7z = Q‘“HX .
N
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Limiting slope analysis (LSA). The ionic current recorded dur-
ing a voltage ramp was subtracted off line from linear leakage
and subsequently converted into conductance by dividing the
ionic current by its driving force. The. leakage subtraction was
performed by fitting the leak current to a straight line before the
detection of the inward ionic current and by subsequently sub-
tracting this linear component from the total current. Current
data points recorded at potentials more negative than —80 mV
and of —65 mV were fitted for the linear leakage in the experi-
ments shown for the Shaker IRK* channel and «,cf8,, Ca?* chan-
nel, respectively (see Figs. 4 and 9). Under our experimental con-
ditions, the large inward K* and Ca?* currents were easily distin-
guishable from the linear leak current. The conductance vs.
potential (G-V) plot was fitted to the monoexponential approxi-
mation of the Boltzmann function in the limit for very negative

potentials, : :
oY

GV =Ac", @)

where G(V) is the conductance (in S), z the number of effective
charges per channel, ¢ the electronic charge (1.602 X 10-'°C), &
the Boltzmann constant (1.38 X 10-2%J/K), T the absolute tem-
perature (in K), Vthe membrane potential (in V), and A the am-
plitude of the exponential (in S). This approximation was re-
solved for a linear sequential model with one open state (Almers,
1978; Almers and Armstrong, 1980).
The zvalue evaluated from the fit to Eq. 2 was then compared
with the slope of the InG vs. conductance (see APPENDIX):
kT d ’
z(V) = Toa—‘—,ln G(V) (3)

All data are expressed as mean * SEM with the nuwmber of ob-
servations (n) in parentheses.

RESULTS

Effective Number of Charges per Channel in the Shaker
IR K* Channel

Variance analysis in isotonic K*. Variance experiments have
been performed on Shaker IR K* channels in order to
extract the value of z. Schoppa et al. (1992) performed
the first measurements of z in excised patches. The
number of channels, N, in the patch was obtained from
nonstationary noise analysis of ionic currents, and
thereafter, the charge in the same patch was measured
after blocking the ionic currents by adding internal tet-
racthylammonium (TEA). Since it is well established
that internal TEA greatly slows down charge return for
depolarizing pulses that open the channel (Bezanilla et
al.,, 1991; Perozo et al., 1993), we decided to measure
charge per channel in the absence of ion channel
blockers. We performed the experiments in isotonic K*
solutions, and in mechanically permeabilized oocytes
in order to equilibrate the intracellular and extracellu-
lar K* concentrations. Under these conditions, charge
movement could be measured at the K* reversal poten-
tial (close to 0 mV) using pulses from holding poten-
tials of '—90 and —120 mV; these pulse protocols
should be able to displace most of the charge. Experi-
ments were performed in the cell-attached mode to
prevent run down of the currents. This method allowed



us to bracket measurements of charge movement and
N. A potential complicating factor in these measure-
~ments is the induction of a slow inactivation process
during the repetitive stimulation for the variance analy-
sis. This process may lead to an underestimation of N
due to the presence of silent traces. Since slow inacti-
vated channels can displace a normal amount of charge
(Olcese et al., 1996), the underestimation of Nwill lead
to an overestimation of the number of effective charges
per channel. In view of this, we measured N at different
stimulating frequencies. We decided to use frequencies
that did not change N, and thus, did not induce the
slow inactivation process. Typically, we used 5-8-ms
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FIGURE 1. Variance analysis in Shaker IR K* channel in KMES.
(A) Mean current from 100 traces recorded with the patch tech-
nique (cell attached configuration) in an oocyte injected with
Shaker IRK* channel cRNA. Holding potential (HP) —90 mV and
pulses to +20 mV. Linear subtraction with P/4 from subtracting
holding potential (SHP) —90 mV. (B) Variance vs. time plot; the
experimental variance was calculated subtracting sequential pairs
of the 100 records (see METHODS). (C) Variance-mean plot (O) and

fit (solid line) to the theoretical variance function o° = [i - %, . The

parameters i and N (single channel current and number of chan-
nels, respectively) were: i = 0.34 pA and N = 1.78 X 10%. The max-
imum open probability (Pa,,), calculated from the maximum
mean current value, was 0.73. (D) Gating current and its time inte-
gral from the same patch. The gating current was recorded pulsing
to the K* reversal potential. HP —120 mV, pulse to 0 mV. P/4 sub-
tracting pulses from SHP —120 mV. The maximum value of the
charge (Qna) Was 41.8 fC (average of five records). The effective

charge per channel (z = &'——“") calculated from this experiment

eoN
was z = 14.6. External solution KMES; pipette solution KMESCa2.
Temperature 22°C.

pulses to +20 mV every 0.5-1 s, which induced K* cur-
rents with constant amplitude.

Fig. 1 shows variance analysis and charge movement
in isotonic KMES (external and pipette solution). Fig.
1, Aand Bshows the time course of the average current
for a +20 mV pulse and the corresponding variance.
The noise fluctuations in B have, as expected, a bipha-
sic time course correlating to the channel open proba-
bility, Po, during the activation of the ionic current.
The variance-mean current plot in Fig. 1 Chas been fit-
ted to Eq. 1 (see MATERIALS AND METHODS). The fitted
parameters for this experiment were i = 0.34 pA and
N= 1.78 X 10* channels. The maximum open proba-
bility (Poy,,) inferred from the maximum value of the
mean-ionic current ([,,,) was 0.73. From the integral
of the gating current in the same patch (Fig. 1 D), we
obtained a value of z = 14.6.

Variance analysis in isotonic Cs*. The experiments in
isotonic KMES were critically dependent on the ade-
quate measurement of charge movement at the K* re-
versal potential. To increase our resolution in this de-
termination, we performed equivalent experiments in
isotonic CsMES in mechanically permeabilized oocytes.
Under these conditions, we expected much smaller
ionic currents, due to changes in the single channel
amplitude, which would facilitate charge movement
measurements (Heginbotham and MacKinnon, 1993).
For these measurements, we used big size patch pi-
pettes (~10-30 wm) to record larger ionic and gating
currents from a much larger number of channels. The
series of ionic currents at different stimulation pulses
in Fig. 2 A illustrates large gating currents preceding
the ionic currents. Fig. 2, Band Cshow the isolation of
the gating current from the ionic current by pulsing to
the Cs* reversal potential (2 mV), together with the
time integral of the gating current (total charge). To
obtain the number of channels in the same patch, we
performed the procedures illustrated in Fig. 3. Panels A
and B show the time course of the mean current and
the variance, respectively. Noise fluctuations were ana-
lyzed both in the activation and deactivation of the
ionic current. The first increase in the noise fluctua-
tions corresponds to the activation process, while the
late increase correlates with deactivation (decay of the
inward tail current). The two plots of the experimental
variance vs. mean current (Fig. 3, Cand D) were simul-
taneously fitted to the theoretical variance with a con-
stant number of channels for the two fits. We obtained
N = 13.7 X 104 channels with Po,,, of ~0.75, for both
the activation and deactivation. The value of z inferred
with this procedure was 13.49.

As illustrated by the records in Fig. 3 A, in isotonic
CsMES, the ionic currents at the beginning (ON) and
the end (OFF) of the pulse can be contaminated by the
associated gating currents. Since noise fluctuations of
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Time (ms)

FiGure 2. Ionic and gating currents in Shaker IR K* channel in
CsMES. (A) Ionic current traces recorded with the patch tech-
nique from an oocyte incubated in 110 CSMES (cell attached con-
figuration) after mechanical permeabilization. Pipette solution:
CsMESCa2; temperature 22°C. HP —90 mV and 25-ms pulses to
+70 mV in 10-mV increments. P/4 subtracting pulses from SHP
=90 mV. (B) Gating current in the same patch with puises to 2 mV
from HP —90 mV. P/4 from SHP —90 mV. (C) Gating currents at
higher gain with its time integral. Q,,, = 297 fC.
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Ficure 3. Variance analysis in Shaker IR K* channel in GSMES.
Same patch as in Fig. 2. 100 subsequent records were averaged,
and sequential pairs of records were subtracted to calculate the
variance parameters. (A) Mean current vs. time; the trace shown
here is the average of 100 current records. HP —90 mV and the
pulse voltage +50 mV. (B) Variance time plot of the activation and
the deactivation current phases. (Cand D) Variance-mean current
plots from the activation (C) and deactivation (D) phases of the
current. The experimental variance points in C and D (O) have
been simultaneously fitted to the theoretical variance function in
order to attain the values of iand N. 4 400 = 0.011 PA, Laciation =
0.019 pA, N = 13.7 X 10'. Po,,, was about 0.75. The charge per
channel was calculated as in Fig. 1, using the Q,,, value of the inte-
gral of the gating current shown in Fig. 2 G z = 13.49.

gating currents are several orders of magnitude smaller
than noise fluctuations of ionic currents, they should
not have affected our calculation (Sigg et al., 1994).
Nevertheless, the mean current after the pulse jump
could be overestimated by the associated gating cur-
rents. This overestimation is more significant in the ON
than in the OFF, due to the relative size of gating and
ionic currents. Gating current contamination should
be negligible for Po values >0.5 for the ON and <0.5
for the OFF, which are the critical regions for the para-
bolic fit. The reliability of our calculations, however,
was confirmed by the consistent single channel conduc-
tance (0.2 pS in ON and OFF) and Po (0.75 ON and
0.76 OFF) values obtained from ON and OFF pulses.
Limiting slope analysis of the conductance-voltage (G-V)
curve. A classical way to calculate z is by fitting the ini-
tial phase of the G-V curve to a single exponential as in
Eq. 2 (see MATERIALS AND METHODS). We have used
this approach in the Shaker IRK* channel and obtained
similar results as previously shown with the variance
analysis. To increase the voltage resolution, we used



slow ramp stimulation (3.5 mV/s from —90 to —~20
mV). This ramp is adequate to obtain a quasi steady
state G-V relationship at potentials more negative than
—60 mV. However, for larger depolarizations, conduc-
tance values are slightly underestimated due to the in-
duction of slow inactivation during the ramp. The
steady state of the G-V curve at potentials more negative
than —60 mV was confirmed by varying the speed of
the ramp and by testing the symmetry of the current re-
sponse to a symmetric triangle wave. Fig. 4 A shows the
ionic current flowing through the channels in response
to a voltage ramp from —90 to —20 mV. Fig. 4 Bis the
corresponding conductance which was fitted to Eq. 2
for very negative potentials (—80 to —65 mV) to ap-
proximate to the limit Po—0. The semilog plot of the
G-V curve (Fig. 4 C) tended to a straight line when the
membrane potential was less than —65 mV; the evalu-
ated parameters of the fit were z = 12.76 and A =
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FIGURE 4. Limiting slope analysis in Shaker IR K* channel. (A)
Ionic current recorded with the patch technique in the cell at-
tached configuration. HP —90 mV. Slow depolarization (0.0035
mV/ms) with a voltage ramp from —90 to —20 mV. Linear leakage
correction was performed off line using a linear fit to the points at
potentials more negative than —80 mV. Data points were deci-
mated (average of five points). (B) G-V relationship (O), in a lin-
ear plot, at potentials near detection of current acti\‘l/ation. Data
points between —80 and —65 mV were fitted to Ae M (solid line).
The fitted parameters were A = 1.17 X 10'? pS and z = 12.76. (()
G-V curve (O) and fitted limiting slope (solid line) in semilog scale.
(D) Relationship between the calculated z (O) at different poten-
tials and the corresponding conductance. z values were calculated

as 2 = 218 1nG. The voltage derivative of InGwas obiained from

age running slope of 20 data points. The straight line shows the fit-
ted value of z External solution KMES; pipette solution KMESCa2.
Temperature 22°C.

1.17 X 10" pS. To verify the validity of our assumption
we calculated z( V) at different voltages using Eq. 3 (see
MATERIALS AND METHODS), and plotted z(V) as a func-
tion of the corresponding conductance to obtain a z(V)
vs. G(V) curve. Fig. 4 D confirms that z(V) approaches a
limiting value close to the fitted value of z (straight
line). Similar z values were obtained from G-V curves
derived during pulse stimulation. G-V curves from peak
tail measurements gave smaller z values, since they were
significantly contaminated by OFF gating currents at
negative potentials.

Fig. 5 shows a summary of the results for Shaker IR.
The values of the total charge Q,,,, (integral of the gat-

ing current) are plotted here as a function of the num-

ber of channels (A). The slope of the regression line to
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FiGure 5. Charges per channel calculated from the variance
analysis and limiting slope methods in Shaker I[RK* channel. (4)

NV relationship fitted to a straight line. The slope gives the ef-
fective number of charges per channel. l, experiments in KMES;
A, experiments in CGsMES. (B) Summary plot of zvalues. z,qance =
13.62 % 0.63 (n = 9) and Zyimiog dope = 12.79 % 0.26 (n = 12). Data
are slope = SEM with n the number of observations.
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the experimental points gives the measure of the effec-
tive number of charges per channel from the variance
experiments. The slope from nine experiments (in-
cluding the two CsMES experiments, A) was 0.00218
pA-ms, which corresponds to a z,,,,.. of 13.62 * 0.63.
Similarly, the average of the limiting slope results gave
2 Zimiting stope Of 12.79 = 0.26. The bar graph (B) com-
pares both methods. We can conclude that both types
of measurements give similar values of z, which are
close to 13.

Effective Number of Charges per Channel in Ca?* Channels

We investigated the number of charges per channel in
expressed cloned neuronal (ay,, o;g) and cardiac (o¢)
channels, and the potential effect of the auxiliary
subunits (By,, Bia B1y) on zand Po,,,. In previous work,
it has been demonstrated that the B subunits facilitate
Ca’ channel opening at the single channel level and
that they shift the G-V curve of macroscopic currents to-
wards more negative potentials (Singer et al., 1991; Wil-
liams et al., 1992; Neely et al,, 1993; Costantin et al.,
1995; Neely et al., 1995). The facilitation occurs with-
out detectable changes in charge movement kinetics
(Neely et al., 1993; Olcese et al., 1994).

Variance analysis in o,z Ca?* channels: effect of B subunits
on Po,,. and z values. The measurements were performed
in large patches (15~20 um) in the cell attached mode.
Oocytes were bathed in KMES, and BaMES 75 was used
in the pipette. One difficulty in calculating N for Ca?*
channels from variance-mean plots is to achieve a high
enough Po (0.5) to adequately estimate the curvature
of the parabola. Therefore, to obtain the limiting Po
value, we increased the bath temperature to 30°C, and
we stimulated the bath with pulses to 150 mV every 0.6 s.
This pulse protocol did not induce inactivation since
peak tail currents remained constant.

Fig. 6 illustrates the procedures to obtain N and the
Pop,, for the neuronal Ca2* channel oy alone and co-
expressed with B subunits (8,, and B,,). The typical
ionic current response to a +150 mV voltage step

- (from a holding potential of —80 mV) followed by a re-
polarization to —30 mV is shown in Fig. 6 A, while the
traces in Bshow sequentially subtracted tail currents re-
corded during the jump to —30 mV. It can be noted
that the fluctuations are small immediately after the
termination of the pulse to +150 mV, peak ~1 ms after
the pulse, and then slowly decay to a basal value. The
variance is shown together with the mean current in C.
The three graphs in E, F, and G show plots and fits of
the variance vs. mean current for oyg, By, and
ogBy,. The Po,, reached by both o and ogfy, was
low (0.55 and 0.61, respectively), while in the case of
0By, Po,,, was 0.84. As was the case for K* channels,
gating currents could induce errors in the estimation
of the ionic current at the beginning of a voltage jump.
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FIGURE 6. Variance analysis experiments in Ca?* channels (o
and auxiliary regulatory subunits 8,, and By,). (A) Current re-
corded in an cocyte coexpressing the neuronal o,z Ca?* channel
and the B,, subunit. The experiment was performed in the cell at-
tached configuration of the patch technique. External solution
KMES; pipette solution BaMES 75. Temperature 30°C. HP —80
mV, pulse to 150 mV followed by a return potential to —30 mV.
(B) Sequentially subtracted tail currents vs. time. (C) Mean tail cur-
rent and the corresponding non-stationary variance. (D) Single
channels recorded at —30 mV under the same ionic conditions in
the same oocyte. (E F, and G) Variance-mean data and corre-
sponding fitted curves to the theoretical function in o eBia,
and a,gfy,. The fitted parameters and calculated Po,., were: i =
1.00 pA, N = 801, Popy,y, = 0.55 in o expressed alone; i = 1.13 PA,
N'= 674, Poy, = 0.6 in oygBy, and i = 1.14 pA, N = 1038, Po,,,, =
0.84 in a;By,. '

Hypothetical gating current noise should be negligible
in respect to the ionic current noise (Sigg et al., 1994),
and the negative pulses to —30 mV elicit large ionic tail
currents (~1 nA) as compared to gating current ampli-
tude (50-60 pA). Our measurements were validated by
the correspondence between single channel amplitude
at —30 mV recorded with small pipettes (=1 pA, D),
and the calculated values from the initial slope of the
variance-mean curves (i, = 1.0 PA, iqigp1a = 1.13 pA,
loiepza = 1.14 pA). The traces in Fig. 6 D were recorded



at 2 kHz and sampled at 100 ps per point, which was
sufficient to resolve the single channel openings. For
the variance analysis, traces were collected at 10 kHz
and sampled at 20 ps per point. Thus, the variance
analysis should provide an adequate bandwidth to re-
solve the amplitude of the unitary events. This was con-
firmed by performing variance analysis by filtering up
to 2 kHz, which gave similar results.

Fig. 7 illustrates Ca?* currents recorded with macro-
patches (A). The bar plotin B represents a summary of
the Po,,,, results for the a,; Ca?* channel with or with-
out B subunits. Po,, for ogfy, was significantly differ-
ent from both a;g and o, (P < 0.001 and P < 0.005,
respectively). In the voltage activation curves of Fig. 7
C, absolute Po values were obtained from peak tail cur-
rents (normalized to the limiting Po value obtained
from the variance-mean plots). Both $ subunits shift
the activation curve toward more negative potentials,
while only the B,, subunit increases the Po,,,, value.

The total charge Q,,, was measured in the o) Ca?*
channel by the same procedure previously illustrated
for the Shaker IR K* channel. Gating currents were re-
corded at a voltage close to the reversal potential in the
same patch where the traces for the variance analysis
had been collected. The maximum values of the inte-
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FIGURE 7. P, and Povoltage curves in CaZ* channels. (A) Rep-
resentative records of Ca?* currents in cell attached mode. (B)
Summary plots of Pa,,, for the neuronal a;g Ca?* channel in the
presence and absence of B subunits. Pg,,, = 0.56 * 0.026 in og
(n=4), Popuy = 0.57 + 0.045 in a,sB;, (n = 3) and Po,,, = 0.78 +
0.029 in a;zB, (n = 7). (O Povoltage curves obtained from the
Po,,, values for the a;; (®), o,B1. (A) and o8y, (A) Ca2* chan-
nels. Values are mean * SEM (n = number of observations). Ex-
ternal solution KMES; pipette solution BaMES 75. Temperature
30°C. '

grals of the gating currents (Fig. 8, A and B show
records from an «,gB,, experiment) were then plotted
vs. the number of channels. Fig. 8 C shows the results
for og, oygpy, and oy, The slope of the regression
lines for a;z (A) and oB,, (M) data points are:
0.00237 pA-ms and 0.00242 pA-ms, corresponding to
Zag = 14.77 £ 0.29 and zgp1, = 15.13 = 0.71. These
values are not significantly different (P = 0.63). In the
case of agf,, the slope of the regression line to the
data points (A) was 0.00152 pA-ms, corresponding to
Zepea = 9-50 * 0.14. This z value was significantly dif-
ferent from the z values for o5 and o,gf;, (P < 0.01 in
both cases).

Limiting slope analysis of the G-V curve. Fig. 9 illustrates a
limiting slope experiment in a,;fy, performed with the
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FiGure 8. Evaluation of the number of effective charges per
channel, z, from the varian®e analysis in Ca?* channels (ag, 0B,
and agfy,). (A) Gating currents in a,¢f,;, Ca?* channel. HP —90
mV, pulsed to the reversal potential (+90 mV). (B) ON gating cur-
rent and its time integral. Q,.,, = 8.5 fC, N = 3300 as evaluated
from the corresponding variance fi; z = 15.8. (C) QN plotin
aig, (A), ogBy,, (M) and oBs,, (A). Fitted slopes of the three
straight lines to the experimental data give the number of effective
charges per channel: z=14.77 £ 0.29 ina;g (n = 7); 2= 15.13 =
0.71in oy, (n=7), 2= 9.50 * 0.14 in a;gB,, (n = 8). Values are
the stope = SEM (n = number of observations). External solution
KMES:; pipette solution BaMES 75. Temperature 30°C.
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same strategy as the experiment shown in Fig. 4 for
Shaker IR. The experiments were performed with the
COVG technique with external BaMES 10. A slow volt-
age ramp from —90 to —20 mV (3.5 mV/s) was used to
elicit the ionic current in Fig. 9 A, which was then con-
verted into conductance (Fig. 9, Band C). The mono-
exponential fit to the initial part of the G-V curve (—80
to —50 mV) gave A = 3.63 X 10 nS and z = 7.20.

Limiting slope experiments were also performed
with the COVG technique in the presence of external
BaMES 75. Under these ionic conditions, a shift to
more positive potentials of ~20 mV in the activation
curves was observed, which can be explained by changes
in the surface potential. This shift did not induce any
change in the effective charge moved.

Fig. 10 summarizes the number of charges obtained
with the two method:s for different Ca2* channels and B
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FIGURE 9. Limiting slope analysis in a,cfs, Ca2* channel. (A)
lonic current recorded with the cutopen oocyte technique
(COVG) from an oocyte expressing the o5, Ca?* channel. The
external solution was BaMES 10. HP —~90 mV. Slow depolarization
(0.0035 mV/ms) with a voltage ramp to —20 mV. Linear leakage
correction was performed off line using a linear fit to the points at
potentials more negative than —65 mV. Data points were deci-
mated (average of three points). (B) GV relationship (O), in a
linear plot, at potentials near detection of current act{,vat_ion. Data
x‘n

points between ~80 and —50 mV were fitted to Ae* " (solid line).
The fitted parameters were A = 3.63 X 106 nS and z = 7.90. (o)
G-Vcurve (O) and fitted limiting slope (solid line) in semilog scale.
(D) Relationship between the calculated z (O) at different poten-
tials and the corresponding conductance. z values were calculated

as z = ,Z*T ad—vlnG. The voltage derivative of InG was obtained from

o

an average running slope of 20 data points. The straight line shows
the fitted value of z External solution BaMES 10; room temperi-
ture.
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subunits. Both methods agreed for the a,gB,, combina-
tion, however, the variance method gave larger z values
for o) and agf,. This discreparicy may be explained
by the correlation between a low value of the Po,,, in
ag and o,gf,, with more occurrence of traces without
opening (“nulls”). Null traces will have charge move-
ment but will not contribute to the variance, causing an
underestimation of N. The limiting slope method gave
similar results, for all Ca2* channel combinations tested,
of ~9 ¢,

DISCUSSION

The salient findings of this work are: (a) The ‘move-
ment of the voltage sensor in Shaker IRK* channels can
be evaluated through variance and limiting slope analy-
sis. The results obtained by the two methods agree and
set the number of effective charges per channel to z =
13. (b) Variance analysis of a,g, a;¢B,,, and o Py, Ca2t
channels show that both the B,, and B2, subunits facili-
tate channel opening by shifting the activation curve to
the left and that the B, subunit has the additional ef-
fect of increasing the limiting value of the open proba-

-bility, Pon,,. () The combination of variance analysis

with the measurement of the gating charge (time inte-
gral of the gating current) gave different z values for
o, 0gBray and ogPy, Ca?* channels. In our experi-
mental conditions, the measured number of effective
charges per channel is affected by the B subunit (z =
14.77 in oyg, z = 15.13 in a g, and z = 9.50 in o8,
(d) Limiting slope analysis of a;g, o,¢Bs, o EBoss 14B2a
and a,cBy, (1cBy, and oycyasPsa) Ca?* channels gave
consistent results of z = 8.6.

Both methods used to determine z have inherent lim-
itations and their validity is strictly dependent on the
model of channel function. The variance analysis is
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Figure 10. Summary plot of the results for various Ca?* chan-
nels with or without different B subunits. The mean z values are
plotted with their standard errors (SEM). The numbers in paren-
theses are the number of samples. The filled bars represent the re-
sults from the variance analysis, while the empty bars are the re-
sults from the limiting slope experiments. Symbols in the variance
analysis bars refer to the plot in Fig. 8. The average valuc of : ob-
tained with the limiting slope experiments is: z = 8.58 * 0.18.



valid only if all the channels open at least once during
the pulse and thereby contribute to the noise fluctua-
tions. Thus, we used large depolarizing pulses to maxi-
mize the probability of the final open state (0) in:

C---Ce0. (SCHEME 1)

If a fraction of channels do not open due to the exist-
ence of a parallel inactivated pathway with a kinetic
" model of the form:

C---Ce0
I (SCHEME 11)
[--1e],

Nwill be underestimated. If this fraction of silent chan-
nels carries charge movement, we will overestimate the
Onax/ N ratio, leading to an erroneous higher 2. This
might be the case for some Ca?* channels (Cavalié et
al., 1983; Hess et al., 1984; Yue et al., 1990; Costantin et
al., 1995) or for C-inactivated K* channels. The limit-
ing slope method has an inherent experimental diffi-
culty, since the single exponential approximation is
valid only at very low Po (Almers, 1978). This method
detects all the charges that move in the activation path-
way to a final single open state, and it can be applied to
a strictly sequential model or to a parallel model in
which the parallel branches carry the same charge (see
APPENDIX). If sufficiently small values of the Po cannot
be reached (due to low resolution of the system), the
error introduced by this analysis will consist of an un-
derestimation of the number of effective charges per
channel, thus diverging from the results of the variance
analysis. In view of these facts, converging results ob-
tained with the two methods give more reliability to the
measurements, as well as to the predicted model.

The consistency between the results obtained for the
Shaker IRK* channel by both variance analysis and lim-
iting slope analysis, strongly suggests that all charge
movement is coupled to pore opening. In agreement
with previous measurements (Schoppa et al., 1992; Zag-
otta et al., 1994; Seoh et al., 1996), 13 effective charges
are displaced during the closed-to-open transitions which
occur in response to a depolarizing potential.

The different z values obtained with variance analysis
of Ca?* channels can be explained by the model in
sCHEME II. Using that method, we found that a;¢ and
o581, had a larger number of ¢ (=15) than a;gBs,
(9.50). On the other hand, using the limiting slope
analysis, we measured an average of 8.6 ¢ for all the
tested Ca?* channel forms, including a,gBs,. Thus, the
z value for a8y, is about the same using both meth-
ods. Consistent with scHEME II, where an increase in
the population of the open state (increase in Po,,,)
would give a more accurate evaluation of z using the
variance analysis method, coexpression with the B,
subunit increased Po,., (Ponayaie = 0.56 and Po,,qikp1a =

0.57 vs. Poaxaiepe. = 0.78). Following SCHEME 11, the in-
crease in Po,, induced by 8., should be associated with
less frequent silent channels and an overall decrease of
the null mode. In fact, By, increases the coupling effi-
ciency (Gpax/ Qmax 1atio; Gy, is the limiting conduc-
tance) of oy Ca?* channels (Olcese, R., personal com-
munication). Moreover, since these changes occur
without modifications in the activation time constant of
the Ca?* current, we can conclude that the current po-
tentiation induced by By, is due to a smaller fraction of
silent channels.

We conclude that the features of oz Ca?* channels
explored in this study follow sCHEME 11 and that the
number of effective -charges for all the tested Ca?*.
channels (a4, oy, and a,¢) is ~9 g,

APPENDIX

Limits of the Limiting Slope Analysis to Obtain z, the Effective
Charge per Channel Coupled to Channel Opening

Sequential model. The LSA is valid only in a sequential
model with one open state, where the transition rates
are exponentially dependent on the voltage. We will as-
sume that the rates are exponential functions of the en-
ergy (as predicted by Eyring theory), and that the en-
ergy is linearly dependent on the voltage. In the gen-
eral case of n + 1 states,

B! a, Ay

G - C, - C--C,_, ~ 0, (SCHEME in)
« « «
BO Bl ﬁn—l

where the rates of the transitions are:

¢0V
B = Bje )

being o, B? the rates at zero voltage (s!), z the num-
ber of effective charges moved in the i-nth transition, ;
the fraction of the field, Vthe membrane potential (V),
¢ the electronic charge (1.602 X 1079 C), k the Boltz-
mann constant (1.38 X 102 J/K), and T the absolute
temperature (K). The quantity §;, here defined as the
fraction of the field, is not the same as x (see INTRO-
pUCTION). The drawing represents a single energy bar-
rier between two subsequent states. The fraction 8 is
the relative position of the peak of the energy barrier
with respect to the initial and final states of the transi-
tion, while the fraction x represents the fraction of
membrane that the energy barrier is spanning. Suppos-
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ing x = 1, this would mean that the moving charge is
crossing the whole lipid bilayer, and it is thus sensing
all the potential difference between the intracellular
and the extracellular sides.

| AW =W, - W,

The steady state probability of the occurring of the
open state O can be written as:

Pym —— s — , @)
Y2 eI

j=0i=j 1!

PR |
—t‘(‘—‘i)ﬁ.

j=0i=)

where V}is the half-activation potential for the i-nth transi-

4

ition. V, can be expressedas V, = V, = — , where AW,
z,6
170

is the energy difference between the final and initial
states of the transition. Thus, terms corresponding to
noncharged transitions will contribute to the Po as
functions of the only energy difference AW, In the
limit for very negative potentials:

n-1
‘
n-1 ,E%lj(v_‘;) ﬁZ'i‘V'Vj) -
< = - i=0 -
Jim P, = I1e =e =P,. (5)
j=0

Thus, the total charge moved during all these transi-

tions is:

2= sz = Zfﬁ’m P,. (6)

This approximation remains valid in the presence of
noncharged steps in the activation pathway.

In a sequential model with two subsequent open
states and two voltage-dependent transitions with charge
z; and 2,

Co 0,60, (SCHEME 1V)

although the single exponential approximation for the
G-Vis still valid, the evaluated charge will be only z; car-
ried along the first transition (C-0,), whereas z, (O, -
O,) will not be detected through this method. Thus, as
shown by Almers (1978), the LSA is only valid in the
case of a sequential model with one open state in which
the activation curve can be approximated with a mono-
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Ficure 1. Simulation of Povoltage curves and z-Po curves in a
two branch parallel model (scHEME V). (A) Semilog plot of Povolt-
age curve calculated following Eq. 2. The parameters were: 7y = 3,
V, = =10 mV, z, = 15, V; = 10 mV. The two dashed lines are the
probabilities of the two open states O, and Os; the thick solid line is
the surn of the two open probabilities. The limiting slope (LS, thin
solid line) obtained by fitting to a single exponential gave: z5 =
4.95, Vz, = —9.7 mV. (B) z-Po curve for the data in A. The horizon-
tal dashed line corresponds to z. (C) Same plot as in 4, but with
z; = 10, ¥, = =10 mV, % = 1, V; = 10 mV. The limiting monoex-
ponential fit (LS) gave as results: zg = 0.87 and Vj;, = 20 mV. (D)
Calculated z values as in B (circles). The dashed line corresponds
to 2.

exponential function, with z being one of the parame-
ters of the fit.

Parallel model. We will demonstrate that Eq. 6 cannot
apply to a minimum parallel model. For example, we
can consider a model with two open states connected
to the same initial closed state, in which the two
branches carry a different amount of charge z; and z,:

1 (SCHEME V)



In this case, the steady state probability of the open
states O; + O, becomes:

I
V-V 5 Sv-
1+ B Kll+e A]
1

—H(V- V) 7 (V- H—-
1+e l+e
(D

and, in the limit for very negative potentials the Po is:

o

[ P AT TN
" “UET TYRT
im P, e

Jim =P, +P,. (8)
In this case, the single exponential approximation is no
longer valid. The transition with the lowest overall energy
barrier at very negative voltages will be predominant, and
the z value from a single exponential approximation will
correspond to the charge carried along this branch.

In Fig. 11 we used Eq. 7 to calculate the Po values for
SCHEME V. Two different sets of parameters have been
used: in Fig. 11, A and B, the upper branch moves 5 g,
with ¥V} = —10 mV, and the lower branch moves 15 ¢,
with ¥, = +10 mV. The main contribution to the open

probability is given, for very negative potentials, by the
transition C-0,, and the limiting slope approximation
(single exponential) gives as a result z; = 4.95. The
graph in B shows the calculated values of z(V). The sim-
ulation demonstrates that the charge carried by the
lower branch (z, = 15) cannot be detected. Fig. 11, C
and D are another simulation with the same half activa-
tion potentials (V| and V;) as in Fig. 11, A and B, but
with z; = 10 and z = 1. In this case, the slope of the Po-V
curve decreases at negative potentials below —20 mV,
and the limiting slope approximation gives z;, = 0.91.
The graph in Fig. 11 D shows an increase in z(V) as the
open probability decreases, but once 0, becomes more
populated than O,, z(V) decreases again, and approxi-
mates z,. A situation like the one simplified in SCHEME
v can be applied to channels in which the movement of
the charge is not yet complete when the channel is al-
ready fully opened. This is, for example the case of the
Ca?* activated K* channel hslo (Ottolia et al., 1996).

In conclusion, the LSA, in addition to its inherent
limitation to obtain Po measurements at very negative
potentials, (i.e., in the limit Po—0) is not adequate to
obtain z in a parallel model of channel activation or in
a sequential model with more than one open state.
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